The time course of the concentration of radiocalcium was studied in the serum, skeleton, pelt, muscles, and pooled internal organs of 10-day-old rats. Within 10 hours of injection, the specific activity of the tissue groups exceeded the specific activity of the serum and remained above it during the period studied (120 hours).
in which C == concentration in serum (expressed as a series of exponential terms) C t = concentration in a given soft tissue Substitution in the integrated form of this equation yielded equations which had the major properties of the empirical equations fitted to the experimental points. The relative order of transfer constants (kt_l) was: organs >_ pelt > muscle.
In studies with systemically administered Ca 46, it has generally been asstuned that Ca 45 circulating in the plasma rapidly equilibrates with that in the soft tissues (I-3). As a result, the distribution of radiocalcium throughout the body prior to its incorporation in the skeletal system has been largely neglected and attention has been focussed on the nature of the bone mineral (4) . This study was undertaken to lay the groundwork for observations dealing with the effect of hormones and other agents on the calcium metabolism of the rat. The DISPOSITION OF C a 45 IN SUCKLING RATS complexity of the distribution of Ca 45 in the intact animal soon became apparent. In this paper an attempt has been made to systematize the results obtained when CaCI~-Ca 45 was injected into suckling rats.
E X P E R I M E N T A L
The weight of the 10-day-old rats used varied between 13 and 17 gin. The parents had been bred in the stock colony of the Rockefeller Institute and were raised on Purina chow. Ca*s-Cls in distilled water was administered intraperitoneally. The dose in 0.1 ml. solution contained either 5 (Experiment A) or 10 microcuries (Experiment B) of the radioisotope. With the exception of the animals scheduled for sacrifice 1 hour after dosing, the rats were returned to their mothers, which were kept on wood shavings in wire-bottomed cages. Blood was withdrawn by heart puncture from animals which had been anesthetized lightly with ether. The animals then expired and the humeri were dissected out and used in autoradiography. The carcasses were dissected into the following tissue groups:--(a) Entire pelt.
(b) Entire skeleton (minus humeri), cleaned of adhering flesh.
(c) Pooled internal organs (thyroid gland, kidneys, liver, heart, lungs, spleen, gonads). (d) Muscle. The gastrointestinal tract and brain were discarded. In Experiment A, some carcasses were stored frozen till d/ssection. They were analyzed individually. In Experiment B, undertaken 1 year later, the tissue groups were pooled from the two animals sacririced at one time.
Analytical Proeedures.--Serum samples were pooled and analyzed for total calcium content by direct precipitation of the calcium as the oxalate followed by centrifugation and titration with perchloratoceric acid (5). Serum samples were analyzed for Ca 4a content by direct precipitation as the oxalate in the presence of sufficient added calcium to bring their calcium content to 4.0 rag., and were counted with the aid of a thin ( < 1.5 mg./cm. 2) end-window Geiger-Miiller counter in an automatic sample changer. All other tissues were wet-ashed with a 1:1 mixture of HNO, and HCIO4 and the resulting ash solution was then analyzed for total Ca and Ca 45 by the same methods used for the serum samples (5).
Autoradiograrn.~ were prepared from humeri which were fixed immediately after dissection. The humeri were kept for 48 hours at 25°C. in 80 per cent ethanol, previously saturated with MgCOa. They were dehydrated by passage through increasing concentrations of ethanol through xylol, embedded in parat~in, and sectioned at 7 #. Contact autoradiograms were prepared on Kodak contrast process ortho film (6) and coated autoradiograms were prepared with Eastman Kodak NTB, emulsion (7). Table I shows the specific activities of the serum and the various tissues of rats sacrificed serially after administration of the isotope. When plotted on semilogarithmic coordinates (Text-figs. I, 2, and 5), the specific activity of the serum and of the tissues appeared to rise to a maximum only in the case of the pelt and the skeleton, although one would expect an initial rise (of varying In Experiment A, tissues from a single animal were analyzed at a time. In Experiment B, the indicated tissue from two animals was analyzed together.
RESULTS
rates) in all tissues. Throughout most of the study, the specific activities of both serum and tissues appear to have dropped exponentially, but coincided only momentarily. Pdt:
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~-a-rooJcd ovcjan5 The equations, which were obtained by graphical means (8) , are listed in order of decreasing fit. In all equations, Ct = per cent of Ca 4~ injected per milligram calcium (specific activity) at t --time in hours. The equations were derived by assuming that an exponential expression correctly describes the variation of the specific activity with time (3, (8) (9) (10) (11) . After equations were obtained which appeared best to fit the experimental points, the equations were examined for common exponential terms. The term Ae --°.°°St very nearly describes the variation with time of the specific activity of the calcium of all tissues toward the end of the experiment and curves were therefore fitted on semilogarithmic coordinates with a slope of --0.0035 (--0.008/2.3). The resulting curves, described by Equations I to 5 above, and shown in Text-fig. l, did not differ appreciably upon visual inspection from those originally derived without reference to one common slope.
The presence of the Ca 4s in the bones is visualized in the autoradiograms shown in Figs. 1 to 12. I t is apparent that within an hour of the injection a substantial fraction of the isotope had already found its way into the skeleton. Indeed, analysis showed that within 1 hour of injection 65 per cent of the dose was found in the skeleton (Table II) . The quantity of Ca ~5 in the skeleton rose quickly (4 hours) to a value of 85 per cent of the dose. Thereafter it rose quite slowly, and appeared to reach a limit between 85 and 90 per cent. The calcium (Ca 4°) content of the skeleton, on the other hand, increased continuously. in which Cat 4° = milligrams Ca t = hours on the assumption that the rat's life span is 40 weeks when the calcium content of the skeleton equals 4.3 gm.
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The dashed llne represents the ratio Ca~----~ . For discussion, see text.
An a t t e m p t was made to obtain equations for the Ca 4~ and the Ca 4° contents of the skeleton which would be consistent with the observed course of the specific activity and with a reasonable prediction for the Ca 4° and Ca n contents of a mature 40-week-old rat. The equations (Text- fig. 2 ) which resulted from this a t t e m p t satisfied these conditions, but indicated (a) a loss of calcium from the skeleton during hours 1 to 12 of the experiment, and (b) no loss of tracer from the skeleton. When condition (a) was overcome by the use of an equation which did not indicate a loss of calcium during hours 1 to 12, the fit for the observed specific activity was poor. On the other hand, when the calcium accretion curve and the specific activity curves were properly fitted, the final, predicted calcium content was unrealistically high.
No attempt was made to overcome condition (b), even though Heresy (12) has shown that mice given Ca 45 at birth had retained only about 50 per cent of the tracer at death (510 days). This loss of 50 per cent can be measured in long term metabolism experiments.
Text- fig. 2 shows the empirical specific activity curve of the skeleton and one predicted from two equations for the Ca 4° and the Ca ~5 contents of the skdeton. Although the two equations used have only limited predictive value, they do indicate that the features of the specific activity curve can be simulated by equations which are reasonably consistent with what is known about the caldum content of the skeleton.
Figs. 5 to 12 show serial views which indicate the entry of Ca 45 to the epiphyseai plate. The coated autoradiograms are compared with sections stained with alizarin red. It can be seen that alizarin stains in a broad front, but that the silver gralnn, which depict the location of the calcium alone, show a more diffuse front in considerable detail. It appears that calcium penetrates into the epiphyseai plate region through the first two layers of mature chondrocytes where deposition seems to be initiated. Within 1 hour of injection, the Ca ¢ has apparently travelled as far as it will go, even though its concentration continues to increase till the 12th hour.
DISCUSSION
Examination of Text- fig. 1 raises a number of questions. Where does the tracer go after leaving the serum so rapidly? Why does the specific activity of all tissues fall with time, even that of the skeleton? How is it possible for the specific activity of various tissues to exceed that of the serum?
The analyses shown in Table II and the course of the tracer pictured in Figs. 1 to 10 indicate that the major fraction of the tracer has gone to the skeleton in as short a period as 1 hour. Because most of the tracer that leaves the blood can be presumed to be in the skeleton, a plot of total radioactivity in bone ~ersus time should yield a curve the shape of which is a near-mirror image of a similar plot of total activity in blood v e r s u s time. As can be seen from Text- fig. 3 , the shape of the two curves is similar. When the curves are plotted on Cartesian coordinates, it can be seen that the early faU-off of the serum curve is steeper than the gain in the curve for the skeleton, which does not form a plateau as does the curve for the blood. It must be remembered that not all of the tracer is in the skeleton and that the skeleton continues to acquire from the blood small but definite quantities of radioca|cinm.
I n all likelihood, the decrease in the specific activity of the skeleton after the 12th hour (Text- fig. 2 ) is due to dilution with unlabelled calcium laid down For further discussion, see text.
during growth. This process of dilution, alluded to in the discussion of Text- fig. 2 , above, is also illustrated by Figs. 1 to 4. Here the more rapidly growing proximal end of the humerus seems to have less tracer after 12 hours than the more slowly growing distal end. Because little, if any, Ca 45, was lost from the skeleton during that period (Table II) some d the labelled calcium in the proximal portion has either been covered up by unlabelled accreted calcium or has been lost to other parts of the skeleton during reconstruction of the metaphysis (of. reference 13). Armstrong and Barnum (14) have previously reported the presence of Ca 4~ in the pelt of animals injected with this isotope, but Armstrong has attributed this to the rats licking themselves (14, 15) . Norris and Kisieleski (16) have reported that the pelt contains higher levels of strontium and radium than the blood. The data reported here also indicate that the specific activity of the pelt is higher than that of the serum; our animals were suckling at all times, so that Ca 45 transfer to the pelt Ha the saliva must have been unimportant.
Copp (17) has assumed that the calcium in the skin is in the extracellular space. This is not likely to be true of all of the calcium in the skin, because the specific activity of calcium in the extracellular fluid can be assumed to be identical with that of the serum calcium (provided the specific activities of the ionized and un-ionized portions of the serum calcium are alike), whereas the data reported here (Table I) show that the specific activities of serum and pelt were not identical.
In a very recent publication, B~langer (18) reports the occurrence of Ca 46 in skin 2 hours following the injection of 150 mc. Ca 4s into rats 10 days of age. Maximum concentrations were seen in the autoradiograms at the epidermis and in the keratogenous zone. Belanger suggests that calcium is taken up by the skin against a gradient.
The results reported here suggest the following conditions for a model which might simulate these results:--(a) There is always net flow of tracer into the skeleton.
(b) Transfer of tracer into the soft tissues is always faster than transfer out. (c) Loss from the total system is negligible.
Text- fig. 4 shows a model which illustrates these conditions. It is a multicompartment system with a central pool (blood) with essentially irreversible transfer to the skeleton and reversible transfer to the pelt, the muscles, and the pooled internal organs. Loss by excretion was considered negligible as a first approximation. The model describes the main features of the experimental curves, if the following condition is set up for transfer of tracer from the pelt, the muscles, and the pooled organs to the serum1: - k
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and refers to Equation 1. L = the final specific activity which the serum approaches (0.005 per cent/ mg. Ca).
Heresy (12) has reported that about half of the calcium atoms present at birth are conserved during the lifetime of the mouse. Extrapolation of this to a rat with a terminal weight of 500 gin. and a terminal Ca content of 10 gm. will yield a specific activity of 0.005 per cent/mg. Ca, if it is assumed that half of the dose given at 10 days of age will be retained by the animal2
in which C'0 = value of C t at t = 0; and kll = transfer constant from compartment in question to serum. The transfer constants were then fitted by choice so as to obtain a solution for Equation 7 , the course of which would approximate as closely as possible the course of the empirical Equations 3 to 5. The degree of success of this procedure can be judged by inspecting Text-figs. 5 a to 5 c. As can be seen, the predicted curves exhibit the major properties of the empirical curves, but tend to overshoot them in the case of pelt and muscle and to undershoot in the case of the pooled organs. As would be expected, all three predicted curves clearly Table Ill . They are listed in order of decreasing magnitude. Transfer from the organs was probably faster than indicated, as the curve proved relatively insensitive to changes upward in the constants, whereas transfer from the other two tissue groups may have been slower than shown. Successful prediction of the specific activity curves on the basis of the relatively simple model shown in Text- fig. 4 suggests that it is incorrect to expect that the specific activity of the serum and of the soft tissues would be equal for any length of time. With the skeleton acting as a trap for calcium from the blood, the specific activity of the soft tissues exceeded that of the blood for 2 It is clearly incorrect to assume that the final specific activity of the blood will equal that of the bone, but some value had to be chosen for analytical purposes.
The calculation indicates an upper limit. For convenience, a lower calcium content and a younger age were chosen in developing the equations for Text- fig. 2 ; these would have resulted in a higher value for L, but the lower value for L used here seemed more realistic. most of the period studied here and would continue to do so. The rapid "equilibration" in specific activity of the calcium in the different non-mineralized compartments of the body would not occur in the model shown in Text- fig.  4 , nor has it occurred for 5 days in the bodies of the rats studied here. Empirical equations for the course of Ca .5 in the serum of children and adults (19) (20) (21) have required four exponential terms, as opposed to the three terms seen here. In the case of the children (19) , the period of observation was the same as here, but it was longer in the case of adults (19, 20) and in a patient with gargoylism (21) . One is tempted to speculate that the absence of a fourth term in Equation I reflects the absence of excretion in the suckling rats.
This speculation should not be understood as identifying a particular term One of the features of this study is that the specific activity of the serum was lower than that of the other tissues at most times. In a study (21) where C # 5 was injected into a 10-year-old patient with gargoylism, the specific activity of only a few tissues (brain, bile, liver, one section of the ileum) exceeded that of the serum, whereas the specific activity of the bony tissues never approached that of the serum. The question arises why the specific activity of the serum of the rats studied here was lower than that of the skeleton, even though tracer was being supplied to the skeleton from the blood. The only possible explanation is that at the point of exchange or deposition, the specific activity of the skeleton was, in fact, lower than that of the blood. However, because the skeleton of these rats underwent very active and rapid mineralization, the radiocalcium must be presumed to have been incorporated in bone and to be no longer available for exchange, even though the specific activity of the blood continued to decrease. Thus, as new sites of bone formation developed, their specific activity was lower than that of the circulating plasma. This formulation (cf. Arnold, Jee, and Johnson (22) for a detailed discussion of these considerations), explains how the gradient plasma--~ bone could have been maintained. It is also consistent with the appearance of the autoradiogram of the more rapidly growing proximal epiphysis, as compared with that of the distal epiphysis at 96 hours. (Figs. 1 to 4 ).
It is a pleasure to record my indebtedness to Dr. Frank Brink, Jr., whose patient guidance and thoughtful discussions helped to formulate the theoretical aspects of the problem.
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PLATE 4
FIGS. 1 to 4. Contact autoradiograms prepared from sections of humeri of suckling rats, following intraperitoneal injection of radiocalcium. X 7.7.
Humeri were fixed for 48 hours at 25°C. in 80 per cent ethanol, previously saturated with MgCOs. They were dried by passage through alcohol and xylol, embedded in paraffin, sectioned at 7 ~, and exposed to Kodak contact ortho process film for 53 hours at 20°C.
The hours indicate the time elapsed between isotope administration and sacrifice.
PLATE 5
FIGS. 5 to 10. Comparison of appearance of area at epiphyseal plate of sections of humeri from suckling rats, following intraperitoneal injection of radiocalclum. X 118.
For details of fixation and sectioning, see legend, Figs. 1 to 4. Sections were coated with Kodak NTB3 emulsion and exposed for 10 days at 4°C. Adjoining sections were stained with alizarin red (24) .
PLATE 6
FIGS. 11 and 12. Enlarged view of the area at epiphyseal plate of sections of humeri from suckling rats 1 hour after intraperitoneal injection of radiocalcium. X 280.
For experimental details, see legends of Figs. 1 to 10. Note that the Ca 4~ seems to be at the outside of the chondrocytes and has penetrated to about the second layer of the chondrocytes. This is its maximum dispersion. Note the detail seen on the coated section as compared with the lack of detail in the section stained with alizarin red.
